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SUMMARY 
The Research Labora tor ies  of United A i r c r a f t  Corporat ion under Contract  NAS 7- 
458 wi th  t h e  Nat ional  Aeronautics and Space Adminis t ra t ion a r e  performing an  a n a l y t i -  
c a l  s tudy  of c a t a l y t i c  r e a c t o r s  f o r  hydrazine decomposition. 
work performed during t h e  second q u a r t e r  of t h e  c o n t r a c t  per iod  from J u l y  15 ,  1966, 
t o  October 14 ,  1966. 
and debugging of a computer program rep resen t ing  t h e  s t eady- s t a t e  microscopic model 
of a d i s t r ibu ted - feed  c a t a l y t i c  r e a c t i o n  chamber. 
t he  simultaneous s o l u t i o n  of t h e  i m p l i c i t  i n t e g r a l  equat ions desc r ib ing  r e a c t a n t  
concen t r a t ion  and temperature  p r o f i l e s  i n  t he  porous c a t a l y s t  p a r t i c l e s  w i th  t h e  
equat ions  desc r ib ing  t h e  v a r i a t i o n  of r e a c t a n t  concent ra t ions  and temperature  w i t h  
a x i a i  p o s i t i o n  i n  i h e  i n t e r s t i t i a l  phzse. 
made t o  i l l u s t r a t e  t h e  use of both the  program as a whole and t h e  p o r t i o n  of t h e  
program which t r e a t s  simultaneous hea t  t r a n s f e r ,  d i f f u s i o n ,  and chemical r e a c t i o n  i n  
t h e  porous c a t a l y s t  p a r t i c l e s .  
This  r e p o r t  summarizes 
Work dur ing  t h i s  r epor t ing  per iod  has included t h e  development 
The computer program provides  f o r  
Seve ra l  sample computer runs have been 
A computer program rep resen t ing  t h e  t r a n s i e n t  macroscopic model of a d i s t r i b u t e d -  
f eed  c a t a l y t i c  r e a c t i o n  chamber has a l s o  been w r i t t e n  and i s  being debugged. Overa l l  
t r a n s p o r t  c o e f f i c i e n t s  have been used t o  de f ine  t h e  d r i v i n g  f o r c e s  f o r  hea t  and mass 
t r a n s f e r  i n  terms of t h e  temperature  and concen t r a t ion  d i f f e r e n c e s  between t h e  i n t e r -  
s t i t i a l  phase and t h e  gas phase i n  t h e  i n t e r i o r  of t h e  c a t a l y s t  p a r t i c l e s .  The o rd i -  
nary and p a r t i a l  d i f f e r e n t i a l  equat ions f o r  t h e  temperature and r e a c t a n t  concentra-  
t i o n  p r o f i l e s  have been formulated i n t o  a network of f i rs t  order ,  o rd inary  d i f f e r e n -  
t i a l  equa t ions  which a r e  solved numerically us ing  a reasonably simple computational 
scheme. 
INTRODUCTION 
Under Cont rac t  NAS 7-458, t h e  Research Labora tor ies  of United A i r c r a f t  Corpora- 
t i o n  a r e  performing a n a l y t i c a l  s t u d i e s  of the s t eady- s t a t e  and t r a n s i e n t  performance 
c h a r a c t e r i s t i c s  of d i s t r ibu ted - feed  c a t a l y t i c  r e a c t o r s  f o r  hydrazine decomposition. . 
The s p e c i f i c  ob jec t ives  of t h i s  program a r e  (a )  t o  develop computer programs f o r  
p r e d i c t i n g  t h e  temperature  and concent ra t ion  d i s t r i b u t i o n s  i n  monopropellant hydra- 
z i n e  c a t a l y t i c  r e a c t o r s  i n  which hydrazine can be i n j e c t e d  a t  a r b i t r a r y  axial loca-  ,, 
t i o n s  i n  t h e  r e a c t i o n  chamber and (b)  t o  perform c a l c u l a t i o n s  us ing  t h e s e  computer 
programs t o  demonstrate t he  e f f ec t s  of var ious system parameters on t h e  performance 
of t h e  r e a c t o r .  
Progress  prev ious ly  r epor t ed  i n  t h e  f i r s t  q u a r t e r l y  r e p o r t  (Ref. 1) included 
p repa ra t ion  of the  equat ions comprising the s t eady- s t a t e  macroscopic model i n  a form 
amenable t o  numerical  s o l u t i o n .  An i t e r a t i v e  procedure had been developed t o  so lve  
t h e  impl ic  it i n t  e g a l  equat  i ons de s c r i b i n g  r e a c t  an t  c onc e n t  r a t  i on and temper a t  u r  e 
p r o f i l e s  i n  t h e  porous c a t a l y s t  p a r t i c l e s .  
t h e  s imultaneous s o l u t i o n  of t h e s e  equat ions wi th  the  equat ions  desc r ib ing  t h e  v a r i a -  
t i o n  of r e a c t a n t  concent ra t ions  and temperature  w i t h  axial p o s i t i o n  i n  t h e  i n t e r -  
s t i t i a l  phase.  I n  add i t ion ,  work had been i n i t i a t e d  t o  reduce t h e  equat ions compris- 
i n g  t h e  t r a n s i e n t  macroscopic model t o  a form amenable t o  numerical  s o l u t i o n .  D u r i n g  
t h e  p re sen t  r e p o r t i n g  per iod  a t t e n t i o n  has been focused on extending t h i s  work t o  t h e  
development of computer programs r ep resen t ing  both t h e  s t e a d y - s t a t e  microscopic model 
and t h e  t r a n s i e n t  macroscopic model. 
Numerical methods had been developed f o r  
2 
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DISCUSSION 
E f f o r t  during the  second q u a r t e r l y  r e p o r t i n g  pe r iod  of Contract NAS 7-458 has 
involved (a )  programming of t h e  equat ions comprising t h e  s t eady- s t a t e  microscopic 
model, ( b )  debugging t h e  s t e a d y - s t a t e  program and running sample c a l c u l a t i o n s  t o  
i l l u s t r a t e  t h e  use of bo th  t h e  program as a whole and t h e  p o r t i o n  of t h e  program 
which t r e a t s  simultaneous h e a t  t r a n s f e r ,  d i f f u s i o n ,  and chemical r e a c t i o n  i n  t h e  
porous c a t a l y s t  p a r t i c l e s ,  ( c )  formulat ing the equat ions comprising t h e  t r a n s i e n t  
macroscopic model i n t o  a network of f i rs t  order,  o rd ina ry  d i f f e r e n t i a l  equat ions 
which r an  be solved niimerically using a reasonably simple computational scheme, 
(d )  programming of t h e  equat ions comprising t h e  t r a n s i e n t  model, and ( e )  working 
toward t h e  establ ishment  of k i n e t i c s  information f o r  use i n  bo th  t h e  s t e a d y - s t a t e  
and t r a n s i e n t  programs. 
of t h i s  r e p o r t .  
This e f f o r t  i s  descr ibed i n  d e t a i l  i n  succeeding s e c t i o n s  
Steady-State Microscopic Model 
I n  t h e  s t e a d y - s t a t e  microscopic model t h e  simultaneous processes of h e a t  t r a n s -  
fe r ,  d i f f u s i o n ,  and chemical r e a c t i o n  wi th in  t h e  porous c a t a l y s t  p a r t i c l e s  are con- 
Sidered i n  a n  i m p l i c i t  i n t e g r a l  equat ion f o r  t h e  r e a c t a n t  concen t r a t ion  a t  any p o i n t  
i n  t h e  p a r t i c l e .  This equat ion i s  de r ived  i n  Ref. 1 as 
The r a t e  of chemical r e a c t i o n  on t h e  c a t a l y s t  su r f aces ,  
fi-61, by 
rhe+ (C,), i s  given, i n  gen- 
where t h e  parameters,  k, n , y ,  and p are def ined i n  t h e  l i s t  of symbols. Equations 
(1) and (2)  a r e  solved i n  an i t e r a t i v e  f a sh ion  i n  a subrout ine contained i n  t h e  main 
program r e p r e s e n t i n g  t h e  s t e a d y - s t a t e  microscopic model. Sample c a l c u l a t i o n s  have 
been made t o  i l l u s t r a t e  t h e  use of t h i s  subrout ine f o r  computing concen t r a t ion  pro- 
f i l e s  i n  t h e  porous c a t a l y s t  p a r t i c l e s ,  the a s s o c i a t e d  temperature p r o f i l e s ,  and t h e  
c o n c e n t r a t i o n  g r a d i e n t s  a t  t h e  p a r t i c l e  surface.  The subrout ine was run  f o r  va lues  
of t h e  r e a c t i o n  r a t e  cons t an t ,  k, between 2 .0  see'' and 2 . 0  x 10 6 see-', and f o r  
p =  0.171, y = 18.3, D, = 0.84 x 10-5 f t / s ec2 ,  a = 0.005 f t ,  n = 1, and ( c ~ ) ~  = 0.357 
l b / f t 3 .  The va lues  chosen f o r  0, y ,  D,, n, and (c,)~ a r e  reasonable f o r  t h e  decom- 
p c s i t . i n n  nf hydrazine w i t h i n  S h e l l  405 catalyst p e l l e t s .  The r e s u l t i n g  concen t r a t ion  
p r o f i l e s  .!we p l o t t e d  f o r  each r e a c t i o n  r a t e  cons t an t  i n  F ig .  1 and t h e  a s s o c i a t e d  
3 
temperature p r o f i l e s  a r e  shown i n  Fig.  2. 
c l e  sur face  i s  p l o t t e d  as a f u n c t i o n  of the  r e a c t i o n  r a t e  cons tan t  i n  Fig.  3. 
The concen t r a t ion  g rad ien t  a t  t h e  p a r t i -  
If t h e  r e a c t a n t  concen t r a t ion  at  t h e  s u r f a c e  of t h e  p a r t i c l e ,  ( C p ) s ,  i s  equa l  
t o  t h e  Concentrat ion i n  t h e  i n t e r s t i t i a l  phase, C i ,  Eqs. (1) and (2 )  can be solved 
s imultaneously w i t h  t h e  equat ions shown i n  R e f .  1 desc r ib ing  t h e  changes i n  en tha lpy  
and r e a c t a n t  concent ra t ions  i n  t h e  i n t e r s t i t i a l  phase wi th  axial d i s t ance  t o  y i e l d  
t h e  s t eady- s t a t e  temperature  and concent ra t ion  p r o f i l e s  i n  t h e  r e a c t i o n  chamber. I n  
t h e  l i q u i d  r eg ion  of t h e  chamber, f o r  example, it is  assumed t h a t  l i q u i d  hydrazine 
wets t h e  ou t s ide  su r face  of t he  c a t a l y s t  p a r t i c l e s  s o  t h a t  (Cp)J2H4 = C i N Z H 4  where 
CiNZH4 i s  t h e  vapor concen t r a t ion  i n  equi l ibr ium w i t h  l i q u i d  hydrazine a t  temperature  
Ti . I n  t h e  vapor rcg ion  of t he  r e a c t u r  i t  can be shown t h a t  (C,)sNH3 - C P " 3  at  t h e  
temperatures  e x i s t i n g  i n  t h e  chamber s ince  t h e  r a t e  of t r a n s p o r t  of m a t e r i a l  from 
the  bulk  f l u i d  t o  t h e  ou t s ide  s u r f a c e  of the  c a t a l y s t  p a r t i c l e s  i s  much g r e a t e r  t h a n  
the  r a t e  of d i s s o c i a t i o n  of ammonia wi th in  t h e  p a r t i c l e s .  However, i n  t h e  case  of 
hydrazine decomposition i n  t h e  vapor region t h e  r a t e  of c a t a l y t i c  decomposition i s  
s o  high t h a t  ( C p ) 3 H 4  << c - ~ ~ ~ ~  I 
mass t r a n s f e r  from t h e  bulk  vapor t o  t h e  ou t s ide  s u r f a c e  of t h e  c a t a l y s t  p a r t i c l e s .  
This  r a t e  i s  given approximately by (k, ~ i ) ~ ~ ~ ~  where t h e  mass t r a n s f e r  c o e f f i c i e n t ,  
k,, may be est imated from (Ref. 2 )  
and the  r e a c t i o n  r a t e  is  governed by t h e  r a t e  of  
- 0.667 
0.61 G 
Pi 
For hydrazine decomposition i n  the  vapor reg ion ,  then,  t h e  terms 
(3) 
i n  t h e  equat ions i n  Ref. 1 desc r ib ing  the  changes i n  en tha lpy  and r e a c t a n t  concen- 
t r a t i o n s  i n  t h e  i n t e r s t i t i a l  phase wi th  axial d i s t a n c e  a r e  rep laced  by (kc C i ) N 2 H 4  . 
I n  t h e  l iqu id-vapor  r eg ion  t h e  s i t u a t i o n  i s  somewnat more complicated s i n c e  it, 
is d i f f i c u l t  t o  p r e d i c t  whether l i q u i d  o r  a combination of l i q u i d  and vapor wets t h e  
o u t s i d e  s u r f a c e  of t h e  c a t a l y s t  p a r t i c l e s .  Both of t h e s e  opt ions  a r e  p r e s e n t l y  i n  
t h e  computer program rep resen t ing  the  s t eady- s t a t e  model. I n  t h e  case  i n  which bo th  
l i q u i d  and vapor a r e  taken  .to wet t h e  p a r t i c l e  su r face ,  it i s  assumed t h a t ,  a t  a 
given axial l o c a t i o n ,  t h e  f r a c t i o n  of the  su r face  covered by vapor i s  equal  t o  the  
we igh t - f r ac t ion  of vapor p re sen t .  Decomposition r a t e s ,  computed assuming pure 
l i q u i d  s u r f a c e  coverage and then  pure vapor coverage, a r e  weighted accord ingly .  
Sample c a l c u l a t i o n s  have been made t o  i l l u s t r a t e  t h e  use of t h e  computer pro- 
gram r e p r e s e n t i n g  the s t e a d y - s t a t e  model f o r  computing t h e  v a r i a t i o n  of r e a c t a n t  
concen t r a t ions  and temperatures  wi th  axial d i s t a n c e  i n  t h e  i n t e r s t i t i a l  phase. 
c a l c u l a t i o n s  apply t o  a r e a c t i o n  chamber 3 i n .  long  wi th  t h e  f i r s t  0.2 i n .  packed 
w i t h  25 t o  30 mesh granular  c a t a l y s t  p e l l e t s  (A, = 2100 f t2/f t3)  and t h e  remainder 
packed w i t h  1/8 i n .  x 1/8 i n ,  c y l i n d r i c a l  p e l l e t s  (A, = 330 f t2/f t3) .  The i n t e r -  
p a r t i c l e  void f r a c t i o n  was taken  as constarii at S.3. The .??ES f 1 . n ~  r a t e ,  G ,  was 
The 
4 
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taken as constant  a t  3.0 lb/ f t2-sec ( i . e . ,  F = 0)  , t h e  pressure,  P, was taken as 100 
p s i a ,  and t h e  feed temperature was t aken  as 530 deg R. The k i n e t i c s  assumed i n  t h e  
c a l c u l a t i o n  were 
N2H4 = 2.14 X 10" C i  N2H4 e - 33,000/ Ti L B /  FT3- SEC 'horn 
L B / F T 3 -  SEC 
L B / F T 3  - SEC 
where T i  and T, a r c  i n  deg R .  These r e a c t i o n  r a t e s  are reasonable  for t h e  system 
be ing  considered. The r e s u l t i n g  axial temperature p r o f i l e s  a r e  p l o t t e d  i n  Fig.  4 
f o r  bo th  op t ions  i n  t h e  l iquid-vapor region.  It i s  apparent  t h a t ,  us ing t h e  assumed 
k i n e t i c s  information f o r  heterogeneous decomposition of  hydrazine, t h e  l iquid-vapor  
r eg ion  i s  s o  narrow t h a t  t h e  choice of e i t h e r  of t h e s e  op t ions  has n e g l i g i b l e  e f f e c t  
on t h e  r e s u l t i n g  temperature d i s t r i b u t i o n s .  Axial concen t r a t ion  p r o f i l e s  for hydra- 
z ine ,  ammonia, ni t rogen,  and hydrogen are p l o t t e d  i n  Fig.  5 and t h e  f r a c t i o n a l  
ammonia d i s s o c i a t i o n  is  p l o t t e d  as a f u n c t i o n  of axial d i s t a n c e  i n  Fig.  6. 
T rans i en t  Macroscopic f i d e l  
I n  developing t h e  t r a n s i e n t  macroscopic model, t h e  concen t r a t ions  of r e a c t a n t s  
i n  t h e  i n t e r s t i t i a l  phase are assumed t o  vary only w i t h  t ime and axial d i s t a n c e  along 
t h e  bed. I n  t h i s  system t h e  rates of heat  and mass t r a n s f e r  between t h e  i n t e r s t i t i a l  
phase and t h e  gas phase w i t h i n  t h e  porous p a r t i c l e s  a r e  expressed i n  terms of o v e r a l l  
t r a n s f e r  c o e f f i c i e n t s .  The r e a c t a n t  concentrat ions,  C, , and t h e  temperature,  f, , are 
t a k e n  as uniform w i t h i n  t h e  i n t e r i o r  of t h e  porous p a r t i c l e s .  
assumed t h a t  l i q u i d  v e l o c i t i e s  are  s u f f i c i e n t l y  low r e l a t i v e  t o  o the r  r a t e  processes  
s o  t h a t ,  f o r  a l l  p r a c t i c a l  purposes, s t eady- s t a t e  i n  t h e  l i q u i d  and l iquid-vapor  
r eg ions  i s  achieved as soon as t h e  l i q u i d  reaches a given axial l o c a t i o n  i n  t h e  
r e a c t o r .  
I n  add i t ion ,  it is  
The t r a n s i e n t  model i s . conce rned  then  w i t h  t h e  vapor r e g i o n  only, where ve loc i -  
Here it t i e s  a r e  about t h r e e  o rde r s  of magnitude g r e a t e r  t han  i n  t h e  l i q u i d  region.  
i s  reasonable  t o  assume t h a t  gas v e l o c i t i e s  are s o  g r e a t  t h a t  t h e  t ime l a g  from t h e  
en t r ance  t o  t h e  vapor r eg ion  t o  any p o s i t i o n  z f o r  t h e  f l u i d  is  n e g l i g i b l e  compared 
w i t h  o t h e r  t r a n s i e n t  e f f e c t s .  With t h i s  assumption t h e  rates of ch.ange of tempera- 
ture and r e a c t a n t  concen t r a t ions  w i t h  ax ia l  d i s t a n c e  i n  t h e  i n t e r s t i t i a l  phase are 
g iven  by 
5 
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+ fi [F  - rhom8 - A p k S  N2H4 ( c b H 4  - ':2'4)] 
RG Ti 
( 5 )  
The equa t ions  f o r  t h e  s t eady- s t a t e  model analogous t o  Eqs. (4 )  through (8) a r e  shown 
i n  R e f .  1 as Eqs. (4) through (8). The t r a n s i e n t  and s t eady- s t a t e  equat ions may be 
compared i n  c o n s i s t e n t  u n i t s  by d iv id ing  the  gas cons t an t ,  R ,  i n  Eqs .  (4) through (8) 
of R e f .  1 by t h e  average molecular weight,  M. 
of change of temperature and r e a c t a n t  concentrat ions i n  t h e  c a t a l y s t  p a r t i c l e s  w i t h  
time a r e  g iven  by 
A t  a given axial l o c a t i o n  t h e  rates 
6 
NH3] + 3kS"3 ( NH "3) I M"3 ci - c p  dcp"' - 
dt QP het ~ ~ 2 ~ 4  'het Q P  a - - -E N2H4 - - 
dc:2 I N2 H4 M N2 "3 - 1  MN2 
- = - [ r  het 2MN2H4 ' 'het 2 ~ ~ ~ 3  
dt QP 
dcpHz I MH2 3MH2 
N2H4 
'het 2MN2 H4 
- dt = - [  QP 
Equations (4) through (13) m u s t  be solved s imultaneously f o r  t h e  v a r i a t i o n  of tem- 
p e r a t u r e s  and r e a c t a n t  concen t r a t ions  with time and axial p o s i t i o n  i n  t h e  r e a c t o r .  
P a r t i a l  d i f f e r e n t i a l  E q s .  (4)  through (8) can be t r e a t e d  as o rd ina ry  d i f f e r e n t i a l  
equat ions by i n t e g r a t i n g  them a t  constant  t ime. This can be accomplished, t o g e t h e r  
w i t h  i n t e g r a t i n g  E q s .  (9) through (13) at f i x e d  axial pos i t i ons ,  by e s t a b l i s h i n g  a 
network con ta in ing  f i x e d  t ime i n t e r v a l s  and i n t e r v a l s  of axial d i s t a n c e .  Reactant  
concen t r a t ions  and temperatures i n  t h e  i n t e r s t i t i a l  phase a d  i n  the c a t a l y s t  p a r t i -  
c l e s  a r e  t h e n  computed at t h e  l t h  t ime and J t h  axial d i s t a n c e  from 
7 
1 Simultaneous s o l u t i o n  of Eqs .  (14) through (23) t o g e t h e r  w i th  Eqs.  (4) through (13) 
w i l l  y i e l d  t h e  temperature  and concent ra t ion  p r o f i l e s  i n  t h e  r e a c t i o n  chamber as 
f u n c t i o n s  of t ime.  
and i s  p r e s e n t l y  be ing  debugged. 
I 
A computer program represent ing  t h e s e  equat ions has been w r i t t e n  
j 
8 
Kinet ics  Information 
Work i s  i n  progress  on t h e  establ ishment  of k i n e t i c s  in format ion  f o r  use i n  bo th  
t h e  s t eady- s t a t e  and t r a n s i e n t  programs. A l i t e r a t u r e  survey has provided s u f f i c i e n t  
information f o r  e s t ima t ing  t h e  r a t e  laws governing homogeneous, vapor-phase decomposi- 
t i o n  of hydrazine (Refs. 3, 4, and 5) and heterogeneous, vapor-phase decomposition of 
ammonia (Refs. 6 and 7) on ma te r i a l s  resembling t h e  S h e l l  405 c a t a l y s t  (e .g . ,  p l a t i -  
num). S imi l a r  information r e l a t i n g  t o  t h e  c a t a l y t i c  decomposition of hydrazine i s  
not a v a i l a b l e .  However, a company-funded program i s  i n  progress  which may provide 
l i m i t e d  d a t a  on t h e  r a t e s  of heterogeneous,  vapor-phase decomposition of hydrazine 
on platinum-family metals .  Small-scale l abora to ry  experiments a r e  being performed 
w i t h  the  o b j e c t i v e  of providing e s t ima tes  of t h e  a c t i v a t i o n  eriergy a d  the v I J e r  "f 
t h e  c a t a l y t i c  decomposition r e a c t i o n .  
9 
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LIST OF SYMBOLS 
Radius of s p h e r i c a l  p a r t i c l e  
T o t a l  e x t e r n a l  s u r f a c e  of c a t a l y s t  p a r t i c l e  per  u n i t  volume of bed 
Reactant concen t r a t ion  i n  i n t e r s t i t i a l  f l u i d  
Reactant concen t r a t ion  i n  gas phase w i t h i n  t h e  porous p a r t i c l e  
S p e c i f i c  heat of: f luid.  i n  tile i n t e r s t i t i a l  phase 
Average s p e c i f i c  heat  of f l u i d  i n  t h e  i n t e r s t i t i a l  phase 
Spec i f i c  heat  of c a t a l y s t  p a r t i c l e  
D i f fus ion  c o e f f i c i e n t  of r e a c t a n t  gas  i n  t h e  i n t e r s t i t i a l  f l u i d  
Di f fus ion  c o e f f i c i e n t  of r e a c t a n t  gas i n  t h e  porous p a r t i c l e  
Rate of f e e d  of r e a c t a n t  i n t o  t h e  system 
Mass flow rate 
Enthalpy 
Overall heat  t r a n s f e r  c o e f f i c i e n t  
Heat of r e a c t i o n  (negat ive f o r  exothermic r e a c t i o n )  
Mass t r a n s f e r  c o e f f i c i e n t  (used i n  s t e a d y - s t a t e  model) 
React ion r a t e  cons t an t ,  equals  Q e-’ 
O v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  (used i n  t r a n s i e n t  model) 
Thermal conduc t iv i ty  of t h e  porous c a t a l y s t  p a r t i c l e  
bioi t c: uiai- weight 
Average molecular weight 
Order of decomposition r e a c t i o n  
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P Chamber p re s su re  
Q Ac t iva t ion  energy 
he t r 
‘horn 
R G a s  cons t an t  
Rate of (heterogeneous) chemical r e a c t i o n  on t h e  c a t a l y s t  su r f aces  
Rate of (homogeneous) chemical r e a c t i o n  i n  t h e  i n t e r s t i t i a l  phase 
t Time 
T Temperature 
X 
Z Axial  d i s t a n c e  
a 
Radia l  d i s t a n c e  from t h e  c e n t e r  of t h e  s p h e r i c a l  c a t a l y s t  p a r t i c l e  
Preexponent ia l  f a c t o r  i n  r a t e  equation 
I n t r a p a r t i c l e  void f r a c t i o n  
Q P  
Y Equals Q / R(Tp)s 
8 I n t e r p a r t i c l e  void f r a c t i o n  
P V i s c o s i t y  of i n t e r s t i t i a l  f l u i d  
Pi Densi ty  of i n t e r s t i t i a l  f l u i d  
I 
Ps Bulk d e n s i t y  of c a t a l y s t  p a r t i c l e  
Subs c r i p  t s 
F Refe r s  t o  f eed  
I Refe r s  t o  i n t e r s t i t i a l  phase 
P Refers t o  gas w i t h i n  t h e  porous c a t a l y s t  p a r t i c l e  
S Refers t o  su r face  of c a t a l y s t  p a r t i c l e  
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Superscr ip ts  
L Refers  t o  l i q u i d  a t  vapor i za t ion  temperature 
V Refers t o  vapor a t  vapor iza t ion  temperature 
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